We compare numerically two different heterostructures for which the ferroelectric film is grown on the dielectric film (KTN/BZN), or vice versa (BZN/KTN). A stub resonator printed on the most relevant heterostructure has been fabricated, and experimental data are discussed and compared to the numerical results.
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Introduction
Nowadays numerous wireless applications require advanced miniature and adaptive components or devices at microwaves, e.g. [1] [2] [3] [4] , especially to cope with the wide diversity of available communication standards. In particular reconfigurable filters, resonators and antennas, e.g. [5] [6] [7] are key building blocks of future radio front-ends. In this frame, ferroelectric oxides are promising candidates to design such devices [8] [9] [10] as their large relative permittivity ensures circuit miniaturization and is also controlled by an external static electric field (E bias ). Moreover their deposition in thin films offers the ability to fabricate planar devices with low driving E bias , easily integrated with planar circuits. The most popular ferroelectric materials are Ba x Sr 1-x Ti x O 3 (BST) [11] and PbZr 1-x Ti x O 3 (PZT) [12] . In this work, the attention is focused on an alternative oxide, namely KTa 1-x Nb x O 3 (KTN), which exhibits strong potential for tunability [13] .
The KTa 0.5 Nb 0.5 O 3 composition (x = 0.5) is selected here to reach the highest frequency tunability of the device under a moderate biasing (E bias < 100 kV/cm). This composition exhibits a large relative permittivity ε r(KTN) ≈ 700, but also leads to significant dielectric loss (tanδ r(KTN) ≈ 0.15-0.30 at 10 GHz) [13, 14] . Three main solutions can be considered to overcome this drawback: (i) doping the KTN ferroelectric material in order to lower its intrinsic loss [15] ; (ii) confining the KTN film only in specific regions of the device and to remove it in 'non-critical' areas [16] ; and (iii) associating the KTN film with a low loss dielectric material to build ferroelectric/dielectric multilayers. The latter solution is investigated here.
The Bi 1.5 Zn 0.9 Nb 1.5 O 7- oxide (BZN) has been selected due to its low dielectric loss at microwaves (tanδ r(BZN) ≈ 0.005 -0.0075 at 12.5 GHz) [17, 18] . It also exhibits a moderate relative permittivity in this frequency band (ε r(BZN) ~ 95 -125). For the current study, BZN oxide is used as a pure dielectric material. Nonetheless it can exhibit tunable property, but only under very high bias field (E bias > 1 MV/cm) [19] .
The paper is organized as follows. After a description of the experimental details in Section 2, a numerical study comparing the performance of coplanar waveguide (CPW) stub resonators 
Chemical etching
A standard photolithographic wet etching process was used to define the metallic patterns of the stub resonators. After metallization, the samples were spin-coated with a photosensitive resin layer (Microposit S1828 photo resist from Shipley). Then they were exposed to ultraviolet (UV) light through a photomask with the appropriate pattern (Karl Süss MJB3 mask aligner). After developing the exposed photoresist, the Ag and Ti coatings were etched 
For the BZN/KTN/sapphire multilayer, the numerical results show that an increase of the BZN thickness reduces the frequency tunability of the stub resonator (Table 1) Table 2 ). Magnitude of the scattering parameters S ij of the stub resonator with and without the BZN film (200 nm-thick) are similar to those computed with the BZN/KTN/sapphire heterostructure; they are not shown here for brevity.
Experimental results
It was observed experimentally that a secondary (non-tunable) KTN for KTN) with a (100) preferred orientation for the KTN layer (Fig. 4) . should reduce the global loss of the device (see Section 3). Unfortunately a thickness of 80 nm cannot be simulated numerically due to the very large computing resource that would be needed. A reference sample made of a single 600 nm-thick KTN film deposited on R-plane sapphire substrate has been elaborated. As a reminder, the single layer is also polycrystalline and presents also mainly a (100) orientation [13] .
Due to a slight overetching, the resonator fabrication leads to a central conductor width and gap of the stub close to w r = 11 µm and g r = 17 µm. This corresponds to a maximum biasing field E bias equal to 71 kV/cm. Magnitude of the measured scattering parameters S ij of the BZN/KTN/R-plane sapphire and KTN/R-plane sapphire (reference) heterostructures are represented in Fig. 6 . A large variation of the resonance frequency under biasing (shift of the |S 21 | peak) is observed with the multilayer heterostructure: F r varies from 9.4 GHz without biasing to 13.0 GHz under E bias = 71 kV/cm. This corresponds to a frequency agility of 38% while the tunability of the reference prototype equals 43% (Table 3) . Both configurations keep a reflection coefficient S 11 close to -5 dB: |S 11 | varies from -7.0 dB (E bias = 0 kV/cm) to -4.8 dB (E bias = 71 kV/cm) at the resonance.
The global loss (GL S ) has been computed ( Table 3) . As expected, GL S is lower for the BZN/KTN/R-plane sapphire heterostructure (GL S = 0.65) than for the reference one (GL S = 0.72) because of the presence of the low loss BZN layer underneath the resonator. For all these reasons, the FoM S of both configurations are very close: FoM S = 58 for the multilayer configuration against 60 for the reference under E bias = 71 kV/cm ( Table 3 ). The respective FoM S versus biasing are plotted in Fig. 7 : FoM S of the BZN/KTN/R-plane sapphire sample remains broadly similar to that of the reference.
Conclusion
The performance of miniaturized tunable coplanar stub resonators deposited on various 
